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SEMICONDUCTOR DEVICE AND METHOD 
OF FORMING THE SAME 

This is a divisional application of Ser. No. 07/953943 
?led Sep. 30. 1992. now U.S. Pat. No. 5.495.121. which. in 
turn. is a continuation-impart of Ser. No. 07/846164 ?led 
Mar. 5. 1992 (now U.S. Pat. No. 5,289,030). 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates in general to a semiconduc 

tor device or a semiconductor integrated circuit and a 
method of forming the same. 

2. Description of the Prior Art 
A variety of approaches have been carried out in order to 

miniamrize integrated circuits and achieve a higher packing 
density in a chip. Particularly. remarkable advances have 
been reported in the development of the technology to 
rniniaturize insulated gate ?eld etfect semiconductor 
devices. denoted as MOSFET for short. MOS is the acronym 
of Metal Oxide Semiconductor. The metal used in MOS~ 
FEI‘s generally includes. in addition to genuine metals, 
conductive materials such as semiconductors having a suf 
?cient conductivity. alloys composed of semiconductor(s) 
and/or metal(s). The oxide generally includes. in addition to 
genuine oxides. insulating materials having a sui?cient 
resistivity such as nitrides. Although these materials do 
exactly not correspond to the acronym MOS. the term 
MOSFET is used in the broad sense in this description. 
The miniaturizing of MOSFEI‘s is realized by decreasing 

the width of the gate electrode. The decrease of the width of 
the gate electrode leads to the decrease of the channel length 
underlying the gate electrode. This also results in a high 
operational speed because the short channel length decreases 
the time required for carriers to pass across the channel. 
The miniaturizing. on the other hand. gives rise to other 

problems, i.e. short channel effects. One of the most serious 
problems thereof is hot electron effects. In the structure 
comprising highly doped source and drain regions with an 
inversely doped intervening channel region therebetween. 
the strength of the electric ?eld at the boundary between the 
channel region and the highly doped region increases as the 
channel length decreases. As a result. the characteristics of 
the device are unstable. 

Referring to FIGS. 1(A) to 1(C). a prior art method of 
forming silicon gate MOSFE'I‘s is described. In the upper 
surface of a single crystalline semiconductor substrate such 
as a single crystalline silicon substrate 501. ?eld insulating 
?lms are selectively formed by a suitable technique, e.g. 
LOCOS. The entire upper surface of the substrate is then 
oxidized by, e.g. dry thermal oxidation to form a gate 
insulating ?lm 503. A gate electrode 505 of polysilicon is 
deposited on the gate insulating ?lm 503. Impurity ions are 
introduced into the substrate by ion implantation with the 
gate electrode 505 as a mask in order to de?ne source and 
drain regions as illustrated in FIG. 1(A). 

Next, an interlayer insulating ?lm 506 is formed from 
pure silicon oxide or phosphorus doped or boron doped 
silicon oxide as illustrated in FIG. 1(B). followed by open 
ing contact holes 507 and 508 through the interlayer insu 
lating ?lm 506 and the silicon oxide ?hn 503. Source and 
drain electrodes 509 and 510 are formed to make contact 
with the source region and the drain regions 504 as illus 
trated in FIG. (C). 
As a result of the above process. there arise several 

problems. One problem is the disconnection of the source 
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2 
and drain electrodes or extensions thereof at the periphery of 
the contact holes 507 and 508 forming high and sharp steps. 
The height of the steps is determined substantially by the 
thickness of the interlayer insulating ?lm 506 since the 
thickness of the gate insulating ?lm 503 is very small as 
compared with that of the interlayer insulating ?lm 506. The 
height is usually 200 to 500 nm and sometimes larger. This 
poses no problem when the diameter of the contact holes is 
relatively large. However. as the packing density integrated 
semiconductor devices in a chip increases. the diameter is 
required to be no larger than one micrometer while in the 
past contact holes of about 10 micrometers diameter were 
formed. On the other hand. the thickness of the interlayer 
insulating ?lm is determined by tolerable capacitances 
among Wirings and the dielectric characteristics of thereof so 
that it is impossible to furthermore decrease the thiclmess 
from the current level. As a result. the thickness of the 
interlayer insulating ?hn can not be neglected as compared 
with the dimension of the contact holes and therefore it ‘is 
often the case that necessary electrodes have not been 
formed completely inside the contact holes or have been 
disconnected because of poor step coverage and poor 
mechanical contact between the electrodes and the under 
lying surfaces. 

Furthermore. as seen from FIGS. 1(A) and 1(C). impurity 
atoms necessarily go around under the gate electrode so that 
there is formed overlap therebetween resulting in an unde 
sirable parasitic capacitance. Because of such overlap. a 
very strong electric ?eld is applied to the gate insulating 
?lm. which is extremely thin. so that hot carriers tend to 
enter and be trapped in the gate insulating ?lm. 
The LDD (lightly-doped-drain) structure has been pro 

posed to solve the above problem. This structure is sche 
matically illustrated in FIG. 2(D). In the ?gure. reference 
numeral 604‘ designates a lightly doped region formed 
inside of a heavily doped region 605. The region 604‘ is 
called a LDD region. By provision of such a LDD region. 
the strength of the electric ?eld in the vicinity of the 
boundary between the channel region and the drain region is 
decreased so that the operation of the device becomes more 
stable. 

FIGS. 2(A) to 2(D) are cross sectional views showing a 
method of making a conventional MOSFET having a LDD 
structure. Although an n-channel transistor is explained here. 
a p-channel transistor is formed in the same manner simply 
by inverting the conducu'vity type. Namely. ?eld insulating 
?lms 602 are ?rst formed on a p-type silicon semiconductor 
substrate 601 as device separating regions in order to 
insulate each from other active regions (only one being 
shown in the ?gure) in which devices are fabricated. A gate 
insulating oxide film 603 and a conductive ?lm are depos 
ited on the semiconductor substrate and patterned by etching 
in order to form a gate electrode 605 insulated by the gate 
insulating ?lm 603. With the gate electrode 605 and the ?eld 
insulating ?lms 602 as a mask. lightly doped regions 604 of 
an n- conductivity type are formed by ion implantation in a 
self-aligning fashion. 

Next. the structure is coated with an insulating ?lm 606 
such as a PSG ?lm. The insulating ?lm 606 is removed by 
an anisotropic etching (directional etching) such as bias 
plasma etching. leaving spacers 607 ?anking the side walls 
of the gate electrode 605. With the spacers 607 as a mask. 
heavily doped regions 605 of an n+ conductivity type are 
formed by ion implantation to provide source and drain 
regions. leaving LDD regions 604‘. By employing this LDD 
design, the channel length can be decreased to as short as 0.1 
micrometer while the channel length in usual designs can 
not be decreased to 0.5 micrometer or shorter. 
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The problems associated with such short channel designs. 
however. are not completely solved even by this technique. 
Another problem is the resistance of the gate electrode 
which has become narrow as a result from the decrease in 
channel length. Even if the switching speed of the device is 
increased by the short channel. the speed-up effects may 
possibly come to naught due to propagation delay along the 
high resistant gate electrode. The resistance of the gate 
electrode can be decreased to some extent by employing a 
metal silicide having a low resistivity in place of polysilicon 
to form the gate electrode or by providing a low resistant line 
such as an aluminum line extending along the gate electrode. 
These techniques. however. can not deal with the high 
resistance problem when the width of the gate electrode is no 
larger than 0.3 micrometer. 

Another approach to solve the problem is to increase the 
aspect ratio of the gate electrode. i.e. the ratio of the height 
to the width of the gate electrode. The resistance of the gate 
electrode decreases in proportion to the cross sectional area 
which increases as the aspect ratio increases. From the view 
point of manufacture restraints. the aspect ratio can not be 
increased so much. This is mainly because the width of the 
spacers depends on the height of the gate electrode. The 
spacer is necessarily formed with its width of 20% or wider 
of the height of the gate electrode. Accordingly if 0.1 
micrometer width L of the LDD region 604' (FIG. 2(D)) is 
desired. the height of the gate electrode can not exceed 0.5 
micrometer. If the gate electrode has a height exceeding 0.5 
micrometer. the width L exceeds 0.1 micrometer resulting in 
a higher resistance between the source and drain regions. 

In the case of 0.5 micrometer height (H). 1.0 micrometer 
width (W) and 0.1 micrometer width (L) in FIG. 2(D). if the 
width (W) of the gate electrode is desired to be increased to 
0.5 micrometer for further miniaturizing. the height of the 
electrode must be increased to 1.0 micrometer in order to 
avoid increase of the gate resistance. The width (L) of the 
spacers. however. becomes 0.2 mirrometer so that the 
resistance between the source and drain regions with the 
FBI‘ being turned on is doubled. The halved channel length 
is expected to improve double the operational speed. The 
increase of double the source and drain resistance. however. 
cancels the improvement. Accordingly. the operational 
speed remains same as achieved before the shrinkage in size. 
On the other hand. if the width L is maintained at the 
conventional level, the height H must be 0.5 micrometer 
which makes double the resistance of the gate electrode. 
resulting in no improvement on the operational speed 

Usually. the width of the spacer becomes as wide as 50% 
to 100% of the height of the gate electrode. which width 
provides a further severe condition. The aspect ratios of the 
gate electrodes. therefore. have been no higher than 1. or in 
many cases no higher than 0.2 in accordance with the 
conventional LDD technique. In addition to this. the width 
of the spacer has been substantially dispersed, due to 
expected variations of production. which results in dispersed 
characteristics of the products. The conventional LDD tech 
nique has brought high integrations and high speeds and. on 
the contrary. impeded further improvement. 
Of course. the problem of disconnection of wirings at 

step-wise boundaries of contact holes can not be solved 
since. also in the LDD technique. an interlayer insulating 
?lm is coated and contact holes are opened therethrough. 
followed by coating electrodes and wirings thereover in 
order to make electric contact with the underlying regions. 

BRIEF SUMMARY OF THE INVENTION 

It is an object of the present invention to obtain a high 
packing density of devices in a semiconductor integrated 
circuit design. 
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4 
It is another object of the present invention to provide a 

method of forming a semiconductor integrated circuit with 
a high packing density. 

It is a further object of the present invention to provide a 
method of forming variety types of insulated gate ?eld effect 
semiconductor devices within semiconductor substrates 
having a new structure by virtue of which the yield is 
signi?cantly improved. 

Additional objects. advantages and novel features of the 
present invention will be set forth in the description which 
follows. and in part will become apparent to those skilled in 
the art upon examination of the following or may be learned 
by practice of the present invention. The object and advan 
tages of the invention may be realized and attained by means 
of the instrumentalities and combinations particularly 
pointed out in the appended claims. 
To achieve the foregoing and other object. and in accor 

dance with the present invention. as embodied and broadly 
described herein. a semiconductor integrated circuit is 
manufactured by the steps of forming a ?eld insulating ?hu 
in order to de?ne an active region on a semiconductor 
substrate. forming necessary impurity regions within the 
semiconductor substrate. forming a lower wiring on the 
semiconductor substrate. anodic oxidizing the lower wiring. 
and forming an upper wiring on the semiconductor substrate 
over the lower wiring. The upper wiring may be connected 
with at least one of the impurity regions (source and drain 
regions). 
A typical method of manufacturing an n-channel ?eld 

elfect transistor within a p-type silicon semiconductor sub 
strate in accordance with the present invention will sche 
matically be described in FIGS. 3(A) to 3(C). Field insu 
lating ?lms 102 are formed on a p-type single crystal silicon 
semiconductor 101 in order to de?ne an active region 
therebetween by the so-called LOCOS technique. The active 
region between the ?eld insulating ?lms 102 is coated with 
a gate insulating film 103 of a thickness of 10 to 100 nm by 
thermal oxidation in the same manner as broadly employed 
in the art. 
A conducting material is deposited and patterned by 

etching in order to provide a gate electrode 104. a gate 
wiring extending from the gate electrode and other neces 
sary wirings on the ?eld insulating ?lm 102 as designated by 
105. The material to be the gate electrode is made mainly of 
a semiconductor substance such as silicon or germanium or 
an alloy consisting of silicon and another suitable metal such 
as tungsten. molybdenum. In this condition. the gate insu 
lating ?lm 103 remains on the active region. However. the 
gate insulating ?lm may be removed at the same time as the 
pattm’ning of the gate electrode. The gate electrode may 
comprise a single layer comprising a material selected from 
the group consisting of silicon. WSi2 and MoSi2. The gate 
electrode may comprise a multi-layer of a phosphorus doped 
silicon ?lm and a silicide ?lm selected from the group 
consisting of a WSi2 ?lm and a MoSi2 ?lm. Impurity is 
introduced to the semiconductor substrate by ion implanta 
tion or plasma doping with the gate electrode as a mask in 
order to form n+ type impurity regions 106 as source and 
drain regions in a self-alignment fashion. The impurity 
regions are formed to overlap the opposed edges of the gate 
electrode since the impurity goes round to the bottom side of 
the gate electrode as illustrated in FIG. 1(A). In the case of 
ion implantation. however. the width of overlapping which 
is caused by secondary ion scattering can be calculated from 
the energy of ions given during the implantation. 

Next. as illustrated in FIG. 1(B). the external surfaces of 
the gate electrode 104 and the wiring 105 are anodic 
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oxidized in order to form silicon oxide ?lms 107 and 108. 
The anodic oxidation may be carried out by either wet 
process or dry process. The wet process goes on with 
oxidation in a solution. The dry process goes on with 
oxidation in a plasma. 

In the case of the wet anoding. the semiconductor wafer 
formed with the gate electrode and the wirings is dipped in 
an electrolyte followed by passing an electric current there 
through with the gate electrode and the wirings functioning 
as an anode. The electric current may be a DC current or an 
AC current. In the case that the gate electrode and the 
wirings are made of silicon. silicon oxide is formed covering 
the gate electrode and the wirings. The silicon oxide ?lm 
may. however. include some constituent elements of the 
electrolyte or partially form its hydrate. and therefore the 
electric characteristics are varied depending upon the actual 
type of the electrolyte employed. For example. carbon is 
included in the silicon oxide ?lm when an organic acid is 
used as the electrolyte whereas sulfur is included in the 
silicon oxide ?lm when sulfuric acid is used as the electro 
lyte. 
The thickness of the silicon oxide ?lm can be indepen 

dently controlled for selected ones of the gate electrode and 
the wirings respectively. Namely. a voltage source may be 
connected only to some of the gate electrode and the wirings 
so that the rest are not oxidized. More generally. the gate 
electrode and the wirings are oxidized respectively in a 
variety of oxidation conditions by making connection of a 
respective one with the voltage source and applying a 
desired voltage and a desired current for a desired time. For 
example. a relatively thick film is desired when the oxide 
?lm is utilized as an interlayer insulating ?lm whereas a thin 
?lm is desired when utilized as an insulator for a capaci 
tance. 

After the formation of the silicon oxide ?lms on the gate 
electrode and the wirings in this manner. the wafer is 
removed from the solution and su?iciently dried. The quality 
of the silicon oxide ?lm may be improved, if necessary. by 
applying hot water or by exposing it to high temperature 
steam. Namely. if the thickness of the silicon oxide ?lm is 
relatively large. there are formed pores which are particu 
larly signi?cant in the case of wet anoding (wet anodic 
oxidation). The dielectric strength of such a porous ?lm is 
not so large even if the thickness thereof is large. The pores 
may often form short current paths. In this case. the pores 
can be stopped by reaction of the silicon oxide with hot 
water or steam to form its hydrate. A dense silicon oxide ?lm 
having su?icient insulating ability can be obtained by rins 
ing and drying the silicon oxide ?lm given the hot water 
treatment in order that no electrolyte lingers. If an organic 
acid is used. the improvement of insulating ability is also 
made by baking the wafer at 200° to 1000° C. in an oxidizing 
atmosphere. 

In the case of dry anoding (dry anodic oxidation). the 
semiconductor wafer is placed in a vacuum chamber. The 
vacuum chamber is then ?lled with an oxidizing gas such as 
02. N20. NO. N02 to an appropriate pressure. A DC or AC 
plasma is generated with connecting a voltage source with 
the gate electrode and the wirings as an anode and applying 
electric current. 

Whereas a large number of semiconductor wafers can be 
treated at once by a relatively cheap device in the case of wet 
anoding. silicon oxide ?lms thus formed are prone to mov 
able ions such as sodium ions. which make submicron or 
quarter devices inoperative. On the other hand. whereas dry 
anoding is less advantageous than Wet anoding to produce 
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6 
thick silicon oxide ?lms in quantity. few contamination 
occur in the ?lms which is desirable for miniaturized semi 
conductor devices. 
The thickness of the silicon oxide ?lm is determined to 

accomplish the task of the ?lm for the required pin-pose. 
Since the ?lm usually functions as an interlayer insulating 
?lm. the thickness is selected between 0.1 micrometer and 
1.0 micrometer. more preferably between 0.2 micrometer 
and 0.5 micrometer. The thickness may be thereunder when 
it is not expected to function as an interlayer insulating film. 
The gate electrode and the wirings are thus oxidized in 

this manner. The actual dimensions of the gate electrode and 
the wirings decrease as the surfaces thereof are oxidized. 
The geometrical relationship between the gate electrode and 
the impurity regions as the source and the drain can be 
appropriately adjusted by taking into consideration the 
thickness of the silicon oxide ?lm formed on the gate 
electrode and the overlap between the impurity regions and 
the gate electrode. The thickness of the silicon oxide ?lm can 
be controlled with an accuracy of 10 nm or less whereas the 
secondary scattering of ion implantation can be controlled 
also with the same order accuracy. By controlling the 
thickness of the ?lm and the secondary scattering. the gate 
electrode and the impurity regions can be formed with no 
overlap as illustrated in FIG. 3(B). or if desired. with some 
overlap or with some distance between the edges of the 
electrode and the inner ends of the impurity regions. 

Contact holes are opened through the oxide ?lm 103 by 
photolithography or wet etching carried out by dipping the 
entirety of the wafer in a hydro?uoric acid. In the case of the 
wet etching. the ?eld insulating ?lms 102 and the anodic 
oxide ?lms 107 and 108 are also etched together with the 
oxide ?lm 103. Since the thicknesses of the ?eld insulating 
?lms 162 and the anodic oxide ?lms 107 and 108 are 
su?iciently large as compared with the thickness of the oxide 
?lm 103. however. there arises no problem. Finally. source 
and drain electrodes 111 and 112 are formed to make 
electrically contact with the source and drain regions 109 
and 110. The source and drain electrodes 111 and 112 may 
be made from a metal such as aluminum. tungsten. a 
semiconductor such as silicon. or a silicide of tungsten. 
molybdenum or the like. 
The source electrode 111. the drain electrode 112 or their 

extension may intersect with the wirings 105. In FIG. 3(C). 
the source electrode 111 is in contact with the silicon oxide 
?lm 108. There is no need to provide a particular insulating 
?lm between them since the external surface of the wirings 
is covered with the anodic oxide ?lm. This is particularly 
effective because the steps between the oxide ?lm 103 and 
the underlying substrate are very low. where the intercon 
nections between the source and drain regions 106 and the 
source and drain electrodes 111 and 112 are made. Such 
steps would otherwise be tend to cause disconnection of the 
electrodes 111 and 112. 

In the case that insulation by the silicon oxide ?lms 107 
and 108 is considered not to be su?icient. an interlayer 
insulating ?lm may be provided in the same manner as the 
conventional technique. The thickness of the interlayer 
insulating ?lm. however. can be half the usual thicknesses or 
less. Even if the total thickness of the oxide ?lm 107 or 108 
and the interlayer insulating ?lm equals the conventional 
thickness. the height of the steps occurring at the peripheries 
of the contact holes of the source and drain regions is half 
the height of the conventional technique. and therefore 
disconnection of the source and drain electrodes is unlikely. 

Furthermore. the problem arising from disparity in thick 
ness of an interlayer insulating ?lm in the conventional 
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technique is overcome by the present invention. In the case 
of conventional technique. it is inevitable that the thickness 
of an interlayer insulating ?lm is affected by unevenness of 
the underlying surface. Anoding. however. can grow silicon 
oxide uniformly anywhere electric current is supplied. 

Namely. the yield of integrated circuits within a semicon 
ductor substrate is substantially improved by the present 
invention. The method in accordance with the present inven 
tion is effective to reduce the likelihood of the conventional 
di?icult trouble concerning short current paths between 
lower wirings such as a gate electrode and upper wirings 
such as source and drain electrodes. which trouble is some 
times the case because an interlayer insulating ?lm inter 
posing therebetween may be partially thin. particularly at the 
sides of the lower wirings where short current paths are often 
formed. This conventional trouble originates from the nature 
of CV D by which interlayer insulating ?lms are formed over 
the lower wirings with thicknesses depending upon the 
geometry of the substrate. Contrary to this, in accordance 
with the present invention. the lower wirings are covered by 
an oxide ?lm having a uniform thickness and a high dielec 
tric strength. A thin interlayer insulating film may be coated 
over the anodic oxide ?lm. if desired. in order to reinforce 
the insulation. 
A step around a contact hole through which an upper 

wiring is electrically connected to the substrate may be a 
cause of fault formation such as disconnection. In accor 
dance with the present invention. the height of a step is 
substantially reduced resulting in avoidance of troubles. 

Furthermore. with regard to the con?guration of a MOS 
FEI‘ itself. the spatial relationship between a gate electrode 
and impurity regions can be arbitrarily designed. For 
example. a [DD structure can be formed with high accuracy 
by a process which is very simple as compared with prior 
arts and can be canied out with few constraint on the aspect 
ratio of gate electrode. The present invention is believed to 
be effective to cope with the current increase in the aspect 
ratio of the gate electrode which is currently advanced along 
with miniaturization and the tendency of forming integrated 
circuits by single channel devices. 
Of course. the present invention is applicable for devices 

provided with gate electrodes having an aspect ratio no 
higher than 1. In this case. the present invention is also 
advantageous because the formation of an insulating ?lm 
and the anisotropic etching of the insulating ?lm for forming 
spacers on the side surface of a gate electrode can be 
dispensed with. 

In accordance with an aspect of the present invention. an 
oxide obtained by oxidizing the underlying metallization 
layer is used instead of a part or all of the interlayer insulator 
used in the prior art integrated circuit. Thus. the thickness of 
the interlayer insulator at the locations at which electrodes 
are formed is halved or reduced further. In consequence. the 
electrode portions are prevented from breaking. 
The underlying metallization layer is oxidized as 

described above and acts like the spacers of the prior art 
lightly doped drain structure. Consequently. a lightly doped 
drain structure can be formed at a higher accuracy than 
conventional. In a MOS transistor having an ordinarily 
doped region other than the lightly doped drain structure. the 
relation between the gate electrode and the doped regions is 
optimized. This improves the operating characteristics of the 
transistor. 
A typical semiconductor device (MOSFET) according to 

the invention is shown in FIGS. 7. (A)-(C). This FET 
comprises a gate electrode consisting principally of silicon 
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8 
and an oxide surrounding this electrode. as shown in FIG. 
7(C). The oxide is formed by thermal oxidation. 
The manner in which this MOSFET is fabricated is now 

described by referring to FIGS. 7. (AHC). First. a device 
separating region (an oxide ?lm for insulating an element) 
702 is formed on a substrate 701 consisting of a single 
crystal of a semiconductor. A gate oxide ?lm (gate insulating 
?lm) 703 having a thickness of 10 to 100 nm is formed on 
the exposed portion of the single crystal of the semiconduc 
tor by the prior art MOSFEF fabrication techniques. A gate 
electrode 704 is formed from the aforementioned material 
on the gate oxide ?lm (gate insulating ?lm). At this time. a 
?rst conductive interconnection (wiring) 705 is formed on 
the device-separating region (?eld insulator). This intercon 
nection (wiring) 705 is made of the same material as that of 
the gate electrode 704 and connected with the gate electrode. 
The interconnection 705 extends from the gate electrode or 
is formed as a conductive interconnection totally indepen 
dent of the gate electrode. In this stage. the gate oxide ?lm 
703 remains. but it may be etched away simultaneously with 
the formation of the gate electrode. Using the gate electrode 
and the device-separating region as a mask. doped regions 
706 are formed by ion implantation or plasma doping in the 
same way as in the conventional process. Since the dopant 
atoms go a long way around. the doped regions slightly 
overlap the gate electrode. If the doped regions are formed 
by ion implantation. the overlap is caused by secondary 
scattering of the ions and. therefore. the dimension of the 
overlap can be calculated. taking account of the energy of 
the implanted ions and other factors. In this way. the 
laminate shown in FIG. 7(A) is obtained. 

Then. the surfaces (the upper surfaces and the side 
surfaces) of the gate electrode and of the ?rst conductive 
interconnection are oxidized by thermal oxidation. The 
upper surface and the side surface of the gate electrode is 
covered with a layer 707 comprising oxide. e.g. silicon 
oxide. by the oxidation. The ?rst conductive interconnection 
is also covered with a layer comprising oxide. e.g. silicon 
oxide. by the oxidation. It is inevitable that the device 
separating region and the gate oxide ?lm are also oxidized. 
In the present invention. it is required that the increase in the 
thickness of these portions due to the thermal oxidation be 
smaller than the thickness of the oxide ?lm formed on the 
surface of the first conductive interconnection. Fortunately. 
the increase in the thickness is su?iciently small. since these 
portions have been already coated with a ?lm of silicon 
oxide. 
More speci?cally, the rate at which silicon is oxidized 

decreases with increasing the thickness of the oxide ?lm 
previously formed. Generally. it is known that the following 
equation holds for the thermal oxidation of silicon: 

where A and B are positive constants depending on silicon 
and silicon oxide. respectively. and are a?’ected by 
temperature. the plane orientation of silicon. the rates at 
which oxygen atoms and water respectively di?use through 
silicon. and other factors; x0 is the thickness of the silicon 
oxide ?lm previously formed; and x is the thickness of the 
silicon oxide when time t has elapsed. By modifying equa 
tion (1). we have 

Where almost no silicon oxide is formed on the sm'face. 

xo=0. Thus. 
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Where a considerably thick ?lm has been already formed 
and the relation x~x0 holds. we get 

It can be seen from equations (3) and (4) that the oxidation 
rate (given by Axlt) is higher Where no silicon oxide ?lm has 
existed provided that the other conditions are the same. 
Roughly. the difference is given by 

In practice. when (100) plane of a single crystal of silicon 
is oxidized at 1000° C. for 100 minutes by thermal oxidation 
within dry oxygen at 1 atm.. a ?lm of silicon oxide 100 nm 
thick is formed if no silicon oxide is formed on the surface 
prior to the thermal oxidation. On the other hand. if a ?lm 
of silicon oxide 100 nm thick is formed on the surface prior 
to the thermal oxidation. the thickness of the ?lm of silicon 
oxide is only 150 nm. In the former case. the thickness of the 
formed silicon oxide ?lm is 100 nm. but in the latter case. 
the thickness of the newly formed silicon oxide ?lm is only 
50 nm. although the oxidation time is the same for both 
cases. 

When thermal oxidation is carried out at 900° C. for 100 
minutes. if ?lm of silicon oxide is not formed before the 
thermal oxidation. then a ?lm of silicon oxide having a 
thickness of 50 nm is formed. When a ?lm of silicon oxide 
having a thickness of 50 nm is formed prior to the thermal 
oxidation. the thickness of the added silicon oxide ?lm is 
only 20 nm. Even with a thermal treatment for 200 minutes. 
if ?lm of silicon oxide does not exist prior to the thermal 
oxidation. then a ?lm of silicon oxide 70 nm thick is formed 
as a result of the thermal oxidation. 0n the other hand. when 
a ?lm of silicon oxide 90 nm thick is formed prior to the 
thermal oxidation, the thickness of the added ?lm of silicon 
oxide is only 30 nm. 

Furthermore. the thermal oxidation rate di?ers greatly 
among plane orientations. The oxidation rate at (100) plane 
of silicon is smaller than the oxidation rates at other planes 
such as (111) plane. Since the surface of a polysilicon crystal 
have random plane orientations. the oxidation rate at the 
(100) plane is higher as a matter of course. The surface is 
oxidized at an approximately doubled speed. Accordingly. 
where only the gate electrode and the ?rst conductive 
interconnection should be positively oxidized as in the 
present invention. these electrode and interconnection are 
made of polysilicon. The substrate is made of the (100) plane 
of a single crystal of silicon. 
As an example. when the (100) plane of a single crystal 

of silicon coated with a ?lm of silicon oxide 100 nm thick 
is oxidized by thermal oxidation at 1000° C. for 100 minutes 
within dry oxygen at 1 atm.. the thickness of a newly formed 
?lm of silicon oxide is only 50 nm. When a ?lm of 
polysilicon having no oxide on the surface is oxidized under 
the same conditions. an oxide ?lm as thick as 200 nm is 
formed on the surface. 
When thermal oxidation is done similarly at 900° C. for 

100 minutes. if a ?lm of silicon oxide having a thickness of 
50 nm is formed before the thermal oxidation. the thickness 
of the increased silicon oxide is only 20 nm. A?lm of silicon 
oxide having a thickness of 100 um is formed on polysilicon. 
On the other hand. when thermal treatment is made for 200 
minutes. if a ?lm of silicon oxide 90 nm thick is formed 
before the thermal oxidation. then the thickness of the 
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10 
increased silicon oxide is only 30 nm. However. a ?lm of 
silicon oxide grows on the surface of polysilicon to a 
thiclmess of 140 nm. 

For these reasons. the silicon oxide formed at the position 
at which a gate eledrode will be formed is much thicker than 
a newly formed ?lm of silicon oxide on the silicon substrate 
through the gate-insulating ?lm. as shown in FIG. 7. The 
roughness of the sln'face of the silicon substrate is suf? 
ciently small. For instance. when a polysilicon region 704 
becoming the gate electrode is oxidized to a thickness of 100 
nm from the original surface. the silicon substrate under the 
silicon oxide ?lm 703 is further oxidized 25 nm. The 
roughness to this extent does not materially affect the 
characteristics of the semiconductor device. 
The thicknesses of the ?lms of silicon oxide 707. 708 

formed in this way must be determined according to the 
purpose. Usually. these ?lms are expected to serve as 
interlayer insulating ?lms. Therefore. their thicknesses are 
0.1 to 1.0 pm. preferably 0.2 to 0.5 pm. However. where it 
is not expected so much that they act as interlayer insulating 
?lms. less thicknesses are possible. 
By the method described above. the surfaces of the gate 

electrode and of the ?rst conductive interconnection are 
oxidized. At the same time. the surfaces of the gate electrode 
and of the conductive portion of the ?rst interconnection 
retreat. At this time. the positional relation between the gate 
electrode and the doped regions is made optimum by con 
sidering the thickness of the oxide layer 7M on the gate 
electrode and the non-alignment of the doped regions into 
account. In particular. the thickness of the oxide layer can be 
controlled to tolerances less than 10 nm by controlling the 
thermal oxidation temperature and the thermal oxidation 
time. Also. the secondary scattering of ions which occur 
during ion implantation can be only 30 nm. However. a ?lm 
of silicon oxide grows on the stnface of polysilicon to a 
thickness of 140 nm. 

For these reasons. the silicon oxide formed at the position 
at which a gate electrode will be formed is much thicker than 
a newly formed ?lm of silicon oxide on the silicon substrate 
through the gate-insulating ?lm. as shown in FIG. 7. The 
roughness of the surface of the silicon substrate is suffi 
ciently small. For instance. when a polysilicon region 704 
becoming the gate electrode is oxidized to a thickness of 100 
nm from the original surface. the silicon substrate under the 
silicon oxide ?lm 703 is further oxidized 25 nm. The 
roughness to this extent does not materially affect the 
characteristics of the semiconductor device. 
The thicknesses of the ?lms of silicon oxide 707. 708 

formed in this way must be determined according to the 
purpose. Usually. these ?lms are expected to serve as 
interlayer insulating ?lms. Therefore. their thicknesses are 
0.1 to 1.0 pm. preferably 0.2 to 0.5 nm. However. where it 
is not expected so much that they act as interlayer insulating 
?lms. less thiclmesses are possible. 
By the method described above. the surfaces of the gate 

electrode and of the ?rst conductive interconnection are 
oxidized. At the same time. the surfaces of the gate electrode 
and of the conductive portion of the ?rst interconnection 
retreat. At this time. the positional relation between the gate 
electrode and the doped regions is made optimum by con 
sidering the thickness of the oxide layer 107 on the gate 
electrode and the non-alignment of the doped regions into 
account. In particular. the thickness of the oxide layer can be 
controlled to tolerances less than 10 nm by controlling the 
thermal oxidation temperature and the thermal oxidation 
time. Also. the secondary scattering of ions which occur 
during ion implantation can be controlled to similar toler 
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ances. Therefore. the positional relation can be adjusted to 
tolerances less than 10 nm. In this way. the gate electrode 
and the doped regions can be formed without overlap as 
shown in FIG. 7. they can be formed so as to overlap each 
other over an appropriate distance. or they can be formed so 
as to be spaced from each other by an appropriate distance. 
Of course. an oxide ?lm is formed around the ?rst conduc 
tive interconnection 708 by this oxidation. This condition is 
shown in FIG. 7(B). 

Finally. windows 709 and 710 are formed in the source 
and drain regions. respectively. and a source electrode and a 
source interconnection 711 and a drain electrode and a drain 
interconnection 712 are formed. It is not necessary to use 
any mask in forming these windows for the electrodes if the 
oxide 702 in the device-separating region and the oxides 
707. 708 are su?ciently thicker than the gate oxide film 703. 
In this case. it only su?ices to perform uniform etching. and 
one photolithography step which will deteriorate the pro 
duction yield can be omitted. 
When conductive interconnections (wirings) extending 

from the source and drain regions are formed on the ?rst 
conductive interconnection. these interconnections (referred 
to as the second conductive interconnections) may intersect 
the ?rst conductive interconnections. The conductive inter 
connection 711 is in contact with the layer 708. Since the 
?rst conductive interconnections are coated with an oxide 
?lm which is excellent in electrical insulation. it is not 
necessary to form a separate interlayer insulator. With 
respect to the portions connected with the doped regions. 
brealdng of conductive interconnects and other faults can be 
reduced greatly. since the resulting steps are much smaller 
than steps formed conventionally. The second conductive 
interconnections may be made of a metal such as aluminum 
or tungsten. a semiconductor material such as silicon. or an 
alloy of silicon with tungsten or molybdenum. 
Where the oxide layers 707 and 708 are considered to 

function unsatisfactorily as interlayer insulators. another 
interlayer insulator made of a conventional material can be 
formed on these oxide ?hns. The thiclmess of the newly 
formed interlayer insulator can be made half or less com 
pared with the thickness of the conventionally used inter 
layer insulator. More speci?cally. an insulator of a consid 
erable thickness has been formed on the ?rst electrode and 
so the added interlayer insulator can be thin. As a result. if 
the thickness of the added interlayer insulator is made half 
of the thickness of the conventional interlayer insulator. the 
steps at the electrode portions in the doped regions are 
roughly halved. Again. breaking of conductive interconnects 
and other faults can be reduced. 
The thickness of the interlayer insulator formed by the 

prior art method is not uniform due to the unevenness of the 
underlying layer. In some locations. the interlayer insulator 
does not cover the underlying layer at all. causing a trouble. 
The oxide formed by thermal oxidation is uniform around 
the conductive interconnections and. therefore. such a 
trouble is not induced. 

Various structures of MOSFETs can be fabricated by 
skillfully utilizing such an anodic oxide. We give some 
examples below. 

FIG. 8 illustrates another example of the invention. First. 
as shown in FIG. 8(A). a device-separating region 802. a 
gate-insulating ?lm 803. and a gate electrode 804 are formed 
over a semiconductor substrate 801. Unlike the method 
illustrated in FIG. 7. thermal oxidation is done prior to the 
formation of doped regions as shown in FIG. 8(B). thus 
forming an oxide 805. Then. as shown in FIG. 8(C). ions are 
implanted to form doped regions 806. At this time. the doped 
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12 
regions do not overlap the gate electrode; rather they are 
spaced from each other by a distance of L. This condition is 
herein referred to as the oifset condition. It is known that the 
number of injected hot electrodes is reduced under the offset 
condition and that an effect similar to the elfect produced 
when a lightly doped drain structure is formed is obtained 
Our research has demonstrated that if the length L is set to 
0.1 to 0.5 pm. then desirable results arise. Since the length 
L varies. depending on the thickness of the oxide 805 and on 
the energy of the injected ions. the desired amount can be 
derived by optimizing these parameters. 

FIG. 9 illustrates a sequence in which a lightly doped 
drain structure is formed by the novel method. First. as 
shown in FIG. 9(A). doped regions 905 are formed in the 
same way as in the prior art process. The dopant concen 
tration in these doped regions is l><1017 to 5><l0l8 atoms/ 
cma. preferably 5X1017 to 2x10“ atoms/cm? Then. as 
shown in FIG. 903). the gate electrons is oxidized by thermal 
oxidation to form an oxide 906. Finally. as shown in FIG. 
9(C). ions are again implanted to form doped regions 907. 
The dopant concentration in these doped regions is 1X10” 
to 5><1021 atoms/m3. preferably 5x1019 to 2><1O21 atoms/ 
cm3. In this way. lightly doped regions 905' are formed. It is 
to be noted that the width of the lightly doped drain regions 
is not limited by the height of the gate electrode but 
determined by the thickness of the oxide 906. Therefore. the 
height of the gate electrode can be made su?iciently large. 
and the channel length can be made su?iciently small. That 
is. the aspect ratio of the gate electrode can be increased 
su?iciently. 

Furthermore. the width of the lightly doped drain regions 
can be controlled quite accurately. For example. the width 
can be varied at will from 10 nm to 0.1 pm. In addition. the 
overlap between the gate electrode and the lightly doped 
drains can be controlled to similar tolerances as described 
previously. Under this condition. the channel length can be 
reduced below 0.5 pm. It is quite di?icult to reduce the width 
of the lightly doped drain regions below 100 nm by the prior 
art method. Errors on the order of 20% have been customary. 
By exploiting the present invention. the lightly doped drain 
regions can be formed to tolerances on the order of 10% 
where the width is from 10 to 100 nm. 

Additionally. in accordance with the present invention. it 
is not necessary to form an insulating coating becoming 
spacers. Hence. the process is simpler than the prior art 
process. Also. the productivity is improved. The thickness of 
the oxide formed by thermal oxidation is uniform at every 
position. including on the side surfaces and on the top 
surface. The thickness is. therefore. quite uniform. and the 
oxide is excellent in electrical insulating characteristics. We 
have not observed that the thickness ditfers from location to 
location over the substrate. Therefore. this oxide can be used 
as an interlayer insulator in the same way as in the case of 
FIG. 7. Of course. a separate interlayer insulator can be 
formed. 

FIG. 10 illustrates an example in which the present 
invention is combined with laser annealing. First. as shown 
in FIGS. 10. (A)—(C). a device-separating region 1002. a 
gate oxide ?lm 1003. a gate electrode 1004. an oxide 1005. 
and doped regions 1006 are formed over a substrate 1001 of 
a single crystal by the method illustrated in FIG. 8. Instead. 
the steps illustrated in FIG. 7 may be employed. In this stage. 
the doped regions are made amorphous or consist of crys 
tallites due to the bombardment of implanted ions. 

Finally. laser radiation or equivalent intense electromag 
netic waves are illuminated from above to recrystallize the 
doped regions that are not in good crystal condition. 
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However. the gate electrode and the surrounding oxide block 
the laser radiation and so the portion located under the oxide 
1005 is not recrystallized. The doped regions 1006 and the 
gate electrode can be positioned so as to hardly overlap each 
other. can be spaced a given distance from each other. or can 
be caused to overlap each other by the means described 
above. In this manner. an n-type (p-type) source region— 
n-type (p-type) amorphous region—-p-type (n-type) channel 
formation region—n-type (p-type) amorphous region-n 
type (p-type) drain region structure or an n-type (p-type) 
source region-n-type (p-type) amorphous region—-p-type 
(n-type) oifset region-—p-type (n-type) channel formation 
region—p-type (n-type) offset region—n-type (p-type) 
amorphous region-—n-type (p-type) drain region structure is 
obtained. Only one ion implantation step is needed in 
fabricating such a structure. This structure yields the same 
advantages as the lightly doped drain structure. as described 
in Japanese Patent Application No. 2387 13/1991 ?led by the 
present applicant. 

In the present invention. the oxide formed on the gate 
electrode and on the ?rst conductive interconnections can be 
used as an interlayer insulator as described above. The 
invention is not restricted to this purpose. For example. the 
invention can be used to position the gate electrode and the 
doped regions in an accurate relation or to obtain the 
structures shown in FIGS. 8. 9. 10. In these cases. the sizes 
and the positions of these special doped regions are deter 
mined by the thickness of the oxide layer. Therefore. the 
obtained interlayer is not always appropriate. In this case. a 
separate interlayer insulator must be formed by the conven 
tional method. and the steps on the electrode formation 
portions are the same as conventional steps. 

As described already. the present invention permits vari 
ous structures of MOSFETs to be fabricated without needing 
special techniques or complex steps. It is to be understood 
that the present invention is based on thermal oxidation of 
gate electrodes. A speci?c example of the invention is given 
below. Also. the advantages will be described. 

In accordance with another aspect of the present 
invention. an oxide ?lm having the same quality as an 
anodic oxidation ?lm formed in an electrolyte is formed on 
a gate electrode or a gate interconnection in a plasma by 
applying a positive bias to the gate interconnection. That is. 
the plasma is generated by applying a d.c. electric ?eld or an 
alternating electric ?eld (including a high frequency electric 
?eld and a microwave electric ?eld) to an atmosphere 
comprising an oxygen atom. oxygen molecule. ozone mol 
ecule or active one thereof. A substrate is exposed to the 
plasma while a lead wire such as a gate interconnection 
provided on the substrate is applied to a positive bias. 
The substrate is maintained at a temperature from room 

temperature to 500° C.. preferably room temperature to 300° 
C. The applied bias should be varied in accordance with 
thickness of an oxide to be formed on a surface of the lead 
wire. An optimum voltage may be determined by monitoring 
a current ?owing in the lead wire. Too large voltage is not 
preferable since an abnormal increase of temperature of the 
lead wire and a plasma impact is caused by application of 
such too large voltage. and an abnormal distribution of 
plasma is also caused. 
A typical example of the present invention is shown in 

FIG. 11. A semiconductor device (TFI‘) in accordance with 
the present invention is shown in FIG. 11(D). A metal. for 
example titanium (Ti). aluminum (Al), tantalum (Ta). chro 
mium (Cr). or an alloy thereof. can be used as a gate 
electrode material. An oxide surrounding the gate electrode 
can be selectively formed by anodic oxidation. 
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14 
A method for manufacturing such a TFI‘ is described 

below referring to FIG. 11. First. semiconductor ?lms 1103 
and 1104 are formed directly on an insulating substrate 1101 
or on a base insulating ?lm 1102 formed on a substrate as 
shown in FIG. 11. An insulating ?lm 1105 comprising a gate 
insulator is formed on the semiconductor ?lms to a thickness 
of 10 to 200 nm. Gate electrodes 1106 and 1107 are formed 
on the insulating ?lm 1105 from the above-mentioned 
material. At the same time with the formation of the gate 
electrodes 1106 and 1107. a wiring comprising the same 
material as the gate electrodes 1106 and 1107 is forrued on 
the substrate as a wiring extending from the gate electrode 
or a wiring independent of the gate electrode. At this stage. 
the gate oxide ?lm 1105 remains in FIG. 11. However. it 
may be etched 0E at the same time with the formation of the 
gate electrodes. 
Then. an anodic oxidation ?lms 1108 and 1109 are formed 

around the gate electrode and the gate interconnection as 
shown in FIG. 11(3). The formation is carried out as 
follows. First. a substrate is provided in a vacuum chamber 
and an oxidizing gas. e.g. oxygen or nitrogen oxide such as 
N20. NO and N02. is introduced into an inside of the 
vacuum chamber to provide an oxidizing atmosphere 
therein. The gate electrode or the gate interconnection is 
connected with a power source and supplied with a positive 
voltage. An electric ?eld is applied to the oxidizing atmo 
sphere and a d.c. or alternating plasma is produced at an 
appropriate pressure (e.g. a reduced pressure) to perform 
anodic oxidation of surfaces of the gate electrode and the 
gate interconnection. 'lhickness of the anodic oxidation film 
should be determined according to purpose. In the case 
where the anodic oxidation ?lm functions as an interlayer 
insulating ?lm. the thickness is 0.1 to 1.0 pm. preferably 0.2 
to 0.5 pm. The thiclmess may be smaller for other purpose. 

Then. impurity regions 1110 to 1113 are formed in a 
self-aligned manner by ion implantation or plasma doping 
with the gate electrodes and the anodic oxidation ?lms as 
masks as shown in FIG. 11(C). Finally. an interlayer insu 
lator 1114 is deposited and contact holes are formed therein 
on the impurity regions. and electrodes and interconnections 
1115 to 1117 are formed. 
Width of offset can be subtly controlled according to the 

present invention. For example. it can be arbin'arily varied 
from 10 nm to 0.1 pm. 0.5a or shorter of channel length is 
possible in this case. It is possible in the present invention 
to form an o?’set at a width of 10 to 100 nm at about 10% 
in error. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings. which are incorporated in 
and forru a part of the invention and. together with the 
description. serve to explain the principles of the invenn‘on. 

FIGS. 1(A) to 1(C) are cross sectional views showing a 
conventional method of manufacturing a ?eld e?ect tran 
sistor. 

FIGS. 2(A) to 2(D) are cross sectional views showing 
another conventional method of manufacturing a ?eld effect 
transistor. 

FIGS. 3(A) to 3(C) are cross sectional views showing a 
method of manufacturing a semiconductor integated circuit 
having a ?eld eifect transistor in accordance with a ?rst 
embodiment of the present invention. 

FIGS. 4(A) to 4(C) are cross sectional views showing a 
method of manufacturing a semiconductor integrated circuit 
having a ?eld effect transistor in accordance with a second 
embodiment of the present invention. 












